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The presence of porosity in a fiber-reinforced composite may have 
a critical effect on the composite's mechanical properties and service 
performance. Detection and characterization of porosity by ultrasonic 
means have, therefore, received considerable attention in recent 
years. The frequency dependence of ultrasonic attenuation has been 
used to find the volume fraction and pore size of gas porosity in 
aluminum alloys, [1)-[3), and in graphite-epoxy composites [4). The 
use of ultrasonic backscatter measurements to characterize the volume 
fraction has been reported in Refs.[S)-[6). A theoretical model to 
analyze the backscatter from a porous unidirectionally fiber-
reinforced composite has been established in [7). In the present 
paper, the approach of Ref.[7) is extended to mUlti-ply fiber-
reinforced composites. It has been shown experimentally by several 
investigators, [8)-[9), that polar backscatter from a multi-ply 
composite shows an amplitude dependence on the azimuthal angle, which 
is characterized by a pattern of peaks and valleys. The peaks occur 
when the propagation vector of the incident pulse is normal to the 
direction of the fibers in one of the plies of the multi-ply layup. 
For the purpose of the present analysis, it may be assumed that 
the fibers are of the order of 8 ~m in diameter, and that they are 
combined with a matrix material into plies of approximately 100 ~m 
thickness. The plies are stacked to form a plate, with an overall 
thickness of about 2 mm. The fibers constitute about 60% of the total 
volume. In this paper, the pores are modeled as penny-shaped cracks 
of diameters much larger than a single fiber diameter. 
It is assumed in this study that the wavelength is sufficiently 
larger than the ply thickness. Hence, scattering by individual fibers 
and by the layered structure can be ignored. It is also assumed that 
reflection from the bottom surface can be gated out and the plate can 
be treated as a half-space. Hence, the composite is considered as a 
homogeneous but anisotropic semi-infinite solid. 
Inspection of a cross-sectional area of a fiber reinforced 
composite tends to show that the fibers are not uniformly spaced. 
There appear to be regions where the fibers are closely packed, while 
in other areas there is greater spacing. In Ref.[7) it has been 
postulated that the deviations from relatively uniform fiber spacing 
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Fig. 1 Backscatter geometry 
act as scattering centers, which produce the steep variations in 
backscatter with azimuthal angle. Since it may be expected that the 
mechanical properties of the material in these irregular regions are 
close to those of the surrounding material, the Born approximation may 
be used to investigate the polar backscattering from these 
inhomogeneities . 
In this paper an analytical model of the composite, suitable for 
the selected range of wave-lengths , is employed . This model describes 
the characteristically anisotropic features of polar backscatter by 
taking into account the directional inhomogeneity of the composite 
against an anisotropic but homogeneous background. If the composite 
contains porosity at the ply interfaces, an additional backscatter 
component is introduced , which tends, however, to be more isotropic in 
nature . 
The geometry of a composite plate submerged in a water bath is 
shown in Fig . 1. The x3-axis is normal to the plate . 
EFFECTIVE MODULI OF A MULTI-PLY COMPOSITE PLATE 
When the characteristic wave-length of the incident ultrasonic 
pulse is sufficiently large, it is permissible to use a continuum 
theory for a multi-ply composite. This theor y accounts for the 
microstructure in an averaged manner . In the simplest theory of this 
kind, which is the "effective modulus" theory , the mechanical behavior 
of the inhomogeneous fiber - reinforced composite is represented by that 
of a homogeneous but anisotropic solid, with a general stress-strain 
relation of the form 
(1) 
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where 
(Ul'U2'U3'U4'U5'U6) 
(£1'£2'£3'£4'£5'£6) 
(Ull'U22'U33'U23'U13'U12) 
(£11'£22'€33,2£23,2£13,2€12) 
(2a) 
(2b) 
The composite specimen examined in this study consists of 16 
identical plies of thickness - 125 ~m. The total specimen thickness 
was taken as 2mm. The ply layout is [(±450/00/900)2]s. The material 
constants of the 0°-ply were measured or estimated as El 97.75 x 
109Pa, E2 - 10.01 x 109Pa, G12 - 6.16 x 109Pa, v12 - v13 - 0.25, 
p - 1.57 g/cms . 
The constants of Cii in Eq.(l) can be calculated by the method of [10]-[13]. The results are Cll - C22 - 46.873 x 109 Pa; 
C33 - 13.2 x 109 Pa, C12 - 14.877 x 109 Pa; C13 C23 - 5.71 x 109 Pa, 
C44 C55 - 4.372 x 109 Pa, C66 - t (Cll - C12) - 15.998 x 109 Pa, and 
all other Cij are zero. 
It is not surprising that the overall medium is transversely 
isotropic, with the axis of symmetry normal to the laminated plate. 
POLAR BACKSCATTERING FROM DIRECTIONAL INHOMOGENEITIES 
It is assumed that the incident beam in the water is of the 
general form 
fu fu. fu ~ - f(~)E exp(1w ~ .~) (3) 
in 
where the slowness vector ~ is defined by 
in ~ - (sin8cos~,sin8sin~,cos8)/cw' and f(~) is an amplitude term which 
defines the beam in terms of a coordinate perpendicular to the central 
ray of the beam. On x3 - 0 we write 
1 (4) 
The parameter b controls the beam width. In the following numerical 
calculations, b is taken as b - 0.15/mm which corresponds to a beam 
width of 20mm. Note that, for computational simplicity, the amplitude 
term has been assumed as axially symmetric relative to the point O. 
In calculating the stress corresponding to (3), only the derivatives 
of the plane wave part will be taken into account. The incident field 
in the composite can then be written as 
(5) 
where T is the plane wave transmission coefficient of type Q. The 
calcula~ion of T can be found elsewhere [14]. Also, D (x3) is the 
attenuation factgr, which has been determined in an emp~rical manner 
[7] . 
Equation (5) represents the wave motio~nincident on the 
inhomogeneity. The corresponding strains f are computed by taking 
derivatives of (5), but of the plane-wave tWPm only. 
In the Born approximationithe incigent wave is taken to represent 
the total wave field. Hence ~ and Ekl are substituted in (4) of 
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Ref.[7] for ~ and Ek1 . In addition the variation of these fields 
across the infiomogeneLty is neglected, but the variation along the 
length of the inhomogeneity is taken into account. 
Now, consider a typical inhomogeneity of length 21 and cross 
sectional area S embedded in the N'th ply of the composite. The 
generatrix of this cylindrical inhomogeneity is along the fiber 
direction which forms an angle ~N with the xl-axis. In a local 
coordinate system (x,y,z) definea by 
(6) 
o 
the central line of this inhomogeneity is defined by -1 ~ x ~ 1, 
Y - YM' Z - zN' In terms of these local coordinates, Eq.(5) becomes 
~ a ~ ~ - f(x,y) ~ TaDa(z)~ exp{iw[sl (xcos~N - ysin~N) 
a 
in ( . A. A.) a] ) + s2 xSLn~N + ycos~N + s3z (7) 
Implementation of the Born approximation in (4) of Ref.[7] then yields 
where 
.sr - - iw f 
4P V 
[ ~C in uin _ ~pw2~in~in]dV kjmn~,j m,n K K 
iw 4P Q(M,N) I (M,N) 
Q(M,N) - - ~ w2T2[~p~~ + ~Ckj ~das~sa]D (2zN)S a a mn m J n a 
(8) 
. a in in 
exp(2Lws3zN)exp[2iwYM(s2 cos~N - sl sin~N)] (9) 
1 
I(M,N) - 2 f 
o 
cos[(2w/cw)xsin9cos(~-~N)] 
[1 + b 2 (X2+ y!)]2 dx (10) 
Backscatter from a distribution of such directional 
inhomogeneities throughout the composite lamina is modeled by 
coherently summing up the contributions from each individual 
inhomogeneity discussed above. It is assumed that the deviation from 
the uniform state caused by the inhomogeneity is sufficiently small so 
that multiple scattering need not be considered. The backscatter from 
a distribution of directional inhomogeneity can be written as 
.sr iw 4P 
00 
M=-oo 
N 
o 
~ 
N=l 
Q(M,N)I(M,N) 
where No is the number of plies in the composite. 
POLAR BACKSCATTER FROM POROSITY 
(11) 
Pores in a multi-ply composite tend to concentrate on the 
interface between the plies. They are rather flat in the x3 -direction 
and circular in shape in the interface plane. Therefore, tfie pores 
may be represented by penny-shaped cracks with crack faces parallel to 
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the interfaces. It is conceivable that the pores also have a small 
dimension in the x~-direction, but this dimension is neglected in 
computing the scattered field. Later it is, however, taken into 
account in computing the volume percentage of the porosity. 
First, let's consider an isolated single penny-shaped crack in an 
unbounded transversely isotropic elastic medium. Since the wavelength 
is large as compared to the diameter of the crack, it may be assumed 
that the variation of the incident wave field over the crack surface 
can be neglected. Therefore, the quasi-static approximation can be 
used to calculate the backscatter, and the crack-opening displacement 
of the scattered field in (2) of Ref.[7] can be replaced by that of 
the corresponding static solution. 
The corresponding static solution can be written as 
~~a _ ua pa (a2_x2_y2)~ (no summation over a) (12) 
it 13 ik ' 
a 
where u i3 is the incident wave of type a on 
function of material constants C .. which is 
the diameter of the crack. A1so;J t he local 
defined by (x1 ,x2 ,x3) - Eo + (x,y,z), where 
crack. 
the crack face, P~k is a 
given in [15], and a is 
coordinates (x,y,z) are 
r is the center of the 
-0 
Substitution of (12) into (2) of Ref.[7] yields 
sr - - iw h pa I ua oU~ (a2_x2_y2)~dxdy 
4P a jk A k3 J 3 (13) 
Making use of 
a I a uij(x) A",u .. (r) 
- ~E 1.J -0 
gives 
sr - - t~ h w2Q~.T2f(r )D (2X3)P~k(2j3~)eXp(2iwSaor ) (14) 
a J a -0 a J - -0 
where 
a a a a a Qkj - -C3kmndmsnC3jptdpst 
For backscattering of a finite-width beam by a distribution of 
cracks, it is assumed that the mUltiple scattering effects can be 
neglected. Thus, the total backscatter from a distribution of cracks 
is obtained by adding up the contributions from each single crack. In 
the limit, the summation can be replaced by the following integration 
co co 
(Sr)tota1 - N I dx I o 
-co -co 
h 
dy I o 
o 
Sr(r )dz 
-0 0 
Evaluation of the integrals yields 
iw ~ 2Qa T2I a (Sr)total--4P uW kjaaSjk 
a 
where N defines the number of cracks per unit volume and 
I 
a 
2~k sine 
w 
a 
2k sine 2h(iws3+~a) 
w e -1 
Kl ( b) a 2(~a+iws3) 
(15) 
Here Kl(o) is the modified Bessel function of the second kind. 
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BACKSCATTER AND PERCENT OF POROSITY 
Polar backscattering from a porous fiber-reinforced composite 
consists of components which, roughly speaking, can be attributed to 
the structuring of the material, to the existence of porosity and to 
effects of finite beam width. In our analysis, the structuring of the 
composite is represented by directional inhomogeneities and the pores 
are modeled by cracks . The corresponding backscatter components are 
calculated in the previous sections. The effects of finite beam width 
are most dominant at the interface of the water and the composite 
plate . The backscatter due to the interface was discussed in [71. 
The result is 
2wkwsin8 2kwsin8 
bS K1( b ) 
The total backscatter is obtained as the sum of the three 
components mentioned above. To compare with experimental results the 
logarithm of the following quantity was plotted in Fig. 2: 
Here Wo corresponds to a center frequency of 2.25 MHz, and q - 0.5 
rad/s. For equation (11) we used additional parameters S - w x 
0.01mm2 , ~p/p - 0.01, ~Cijkl/Cijkl - 0.01, 1 - 10 mm. Finally, to 
compute the backscatter from the porosity, values of a in (11) was 
selected as a - 100 ~m. In computing the volume density of porosity, 
the height of the crac~s (pores) was taken as 30 ~m. With a volume 
per pore of 9.42 x 10- mms , it may be verified that values of N 
(number of cracks /mmS) of magnitudes 3.6, 13.26, 29 . 92 and 42.97 
correSpond to volume densities of 0 . 34%, 1.25%, 2 . 82% and 4.05%, 
respectively. 
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Fig. 2 Theoretical results for logarithm of the backscattered 
amplitude for various volume densities of the porosity. 
e = 30°. 
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Fig. 3 Experimental results for logarithm of the backscattered 
amplitude for various volume densities of the porosity, 
e = 300. 
The curves plotted in Fig. 2 show higher backscattering for 
higher pore volume density. They show steep increase as the azimuthal 
angle approaches to ; - M.45°. M - 0.1.2.· •• 8. those are the angles at 
which the incident pulse is perpendicular to one of the fiber 
directions. Experimental values obtained by Roberts [16] are shown in 
Fig. 3. The theoretical and experimental results show very 
satisfactory agreement. 
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A method to measure the volume percentage of the porosity is 
suggested by the relatively flat behavior of the curves for angles 
other than 0°,45°, 90°, --- etc. In Fig. 4., the backscattering 
averaged over ~ - 22.50 + M.45°, M - 0, 1,2,---7, is plotted versus 
the volume percentage of porosity. Both the theoretical and 
experimental results are shown in Fig. 4. Good agreement is observed. 
For a measured backscatter, the theoretical curve can be used to 
determine the volume fraction of the porosity. 
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